Thermogenesis by brown and beige adipose tissue, which requires activation by external stimuli, can counter metabolic disease 1 . Thermogenic respiration is initiated by adipocyte lipolysis through cyclic AMP-protein kinase A signalling; this pathway has been subject to longstanding clinical investigation 2-4 . Here we apply a comparative metabolomics approach and identify an independent metabolic pathway that controls acute activation of adipose tissue thermogenesis in vivo. We show that substantial and selective accumulation of the tricarboxylic acid cycle intermediate succinate is a metabolic signature of adipose tissue thermogenesis upon activation by exposure to cold. Succinate accumulation occurs independently of adrenergic signalling, and is sufficient to elevate thermogenic respiration in brown adipocytes. Selective accumulation of succinate may be driven by a capacity of brown adipocytes to sequester elevated circulating succinate. Furthermore, brown adipose tissue thermogenesis can be initiated by systemic administration of succinate in mice. Succinate from the extracellular milieu is rapidly metabolized by brown adipocytes, and its oxidation by succinate dehydrogenase is required for activation of thermogenesis. We identify a mechanism whereby succinate dehydrogenase-mediated oxidation of succinate initiates production of reactive oxygen species, and drives thermogenic respiration, whereas inhibition of succinate dehydrogenase supresses thermogenesis. Finally, we show that pharmacological elevation of circulating succinate drives UCP1-dependent thermogenesis by brown adipose tissue in vivo, which stimulates robust protection against diet-induced obesity and improves glucose tolerance. These findings reveal an unexpected mechanism for control of thermogenesis, using succinate as a systemically-derived thermogenic molecule.
.
Exposure to environmental cold drives adrenergic stimulation and heat production in brown adipose tissue (BAT), and improves metabolic profiles in mice 5 and humans 6 . However, pharmacological targeting of adrenergic receptors has so far demonstrated limited clinical efficacy [2] [3] [4] . Here we investigate the hypothesis that independent metabolic signals may contribute to acute activation of thermogenesis in BAT and beige fat. We applied a comparative metabolomics approach to identify meta bolic signatures of thermogenesis in mouse adipose tissue (Fig. 1a) , which gated on three criteria: (i) metabolite enrichment in thermogenic adipose tissue (BAT versus subcutaneous white adipose tissue; Fig. 1b) ; (ii) metabolite abundance in thermogenic adipose tissue (estimated as the 10% most abundant annotated metabolite ion intensities; Fig. 1c) ; (iii) increased metabolite abundance upon acute activation of BAT ther mogenesis by exposure to 4 °C versus 29 °C (Fig. 1d) . Only two metab olites fulfilled all three criteria for a thermogenic signature (Fig. 1a-d and Supplementary Tables 1-3 ). One of these was the mitochondrial tricarboxylic acid (TCA) cycle intermediate succinate, and the other was AMP. In 4 °Cactivated BAT, succinate levels were markedly and selec tively increased compared to other TCA cycle metabolites ( Fig. 1 e, f and Extended Data Fig. 1a, b) . Additionally, increasing beige adipocyte content in subcutaneous adipose tissue by chronic exposure to 4 °C significantly increased succinate concentration (Fig. 1g) .
To investigate the role of succinate in BAT thermogenesis we explored the mechanisms responsible for driving its selective accu mulation. Whereas pharmacological βadrenergic stimulation of BAT was sufficient to drive triglyceride lipolysis (Extended Data Fig. 2a-c) , stimulation of β1, β2 or β3adrenergic receptors had no effect on suc cinate levels in BAT (Extended Data Fig. 2d ). Therefore, selective and substantial accumulation of succinate is a signature of adipose tissue thermogenesis upon cold exposure, but not βadrenergic signalling. Next, we tested the role of inputs to succinate from TCA metabolism by oxidation of carbons from glucose and fatty acids (Extended Data Fig. 3a) . Following intravenous bolus injection, [U 13 C]glucose was taken up by BAT (Extended Data Fig. 3b ) and oxidized by the TCA cycle (Extended Data Fig. 3c-h ). Labelled m + 3 lactate was increased in comparison to other glycolytic intermediates (Extended Data Fig. 3d ). Therefore, BAT may use circulating lactate as a major carbon source for the TCA cycle in vivo, consistent with recent observations in other tissues 7, 8 . However, the fractional contribution of [U 13 C] glucose to succinate was unchanged in BAT following exposure to 4 °C and was comparable to other TCA cycle metabolites (Extended Data Fig. 3f ). [U 13 C]palmitate, administered by intravenous bolus, was also readily taken up by BAT (Extended Data Fig. 3i ), and TCA cycle intermediates were enriched in 13 C derived from palmitate oxidation (Extended Data Fig. 3j-m) . Following exposure to 4 °C the fractional contribution of [U 13 C]palmitate to succinate remained unchanged and was comparable to that in other TCA cycle metabolites (Extended Data Fig. 3k ).
Apparent conventional operation of the TCA cycle (Extended Data Fig. 3b-m) , concomitant with the unusual selectivity of succinate accumulation upon activation of thermogenesis (Fig. 1e, f) , led us to consider whether BAT may sequester succinate from the circulation (Fig. 2a) . Most mammalian cell membranes are thought to be imper meable to succinate 9, 10 . However, circulating succinate levels are substantial and dynamic, and reported extracellular concentrations range from low micromolar to millimolar [11] [12] [13] . Consistent with our hypothesis, exposure of mice to 4 °C led to elevation in circulating succinate (Extended Data Fig. 4a ), suggesting that this extracellular pool of succinate may contribute to accumulation in BAT. To test this idea, we monitored differentiated primary brown adipocytes incubated in standard medium, which lacks succinate. Under these conditions succinate concentrations were reduced compared to in vivo BAT (Extended Data Fig. 4b ), whereas supplementation of the medium with [U Letter reSeArCH levels (Fig. 2b) . This capacity for succinate internalization was not observed in differentiated white adipocytes or preadipocytes isolated from BAT (Fig. 2c) . Moreover, brown adipocytes did not display com parable capacity to internalize the structurally similar mitochondrial dicarboxylates fumarate and αketoglutarate (Fig. 2d 13 C]succinate in brown (n = 5), white (n = 4), and preadipocytes (Pre) (n = 4). d, Intracellular abundance of TCA cycle metabolites fumarate (Fum) (n = 4), αketoglutarate (αKG) (n = 4) and succinate (Suc) (n = 5) in brown adipocytes 10 min following extracellular addition. e, f, 13 Cisotopologue (m + 0 and m + 4) profile of C]succinate administered by intravenous bolus injection was also rapidly and efficiently accumu lated in BAT in vivo (Fig. 2g) , coinciding with metabolism of succinate to downstream TCA cycle metabolites ( Fig. 2h and Extended Data Fig. 4g ) and clearance of [U 13 C]succinate from blood plasma ( Fig. 2i and Extended Data Fig. 4h ). Therefore, our results indicate that brown adipocytes have the capacity to accumulate and oxidize succinate from the extracellular milieu.
BAT accumulates increased circulating succinate (Fig. 2g) , the levels of which increase upon exposure to 4 °C (Extended Data Fig. 4a ). This suggests that upon exposure to cold, peripheral tissues supply succinate to BAT via the circulation. Interventions that drive muscle contrac tion, such as exercise, are also known to result in increased circulating succinate 11 . Since muscle shivering is an early response to exposure to environmental cold, we hypothesized that this contractile activity could drive succinate release from muscle to supply BAT accumulation. Upon exposure of mice to 4 °C for 30 min, we observed extensive shivering by electromyography (EMG) (Extended Data Fig. 4i ). The shivering could be inhibited using the nicotinic acetylcholine receptor inhibitor curare (Extended Data Fig. 4i) ; this significantly blunted colddependent accumulation of succinate in BAT (Extended Data Fig. 4j ). These findings suggest that shivering muscle can be a source of succinate, although effects of curare on respiratory function may also contribute.
To investigate the potential role of succinate accumulation in brown adipocyte thermogenesis, we exploited the capacity of these cells to rapidly internalize extracellular succinate (Fig. 2b) . Addition of succi nate to brown adipocytes resulted in acute and robust concentration dependent stimulation of respiration (Fig. 3a, b) . Succinatestimulated respiration was specifically attributable to leak respiration, which in brown adipocytes is dependent on UCP1, and is responsible for thermogenesis in these cells 14 ( Fig. 3c) . Succinate utilization had no effect on chemicallyuncoupled maximal respiration, indicating that its effects were not attributable to increased mitochondrial substrate supply 15 ( Fig. 3c) . Moreover, succinate exhibited a distinct capacity to elevate respiration when compared to other respiratory substrates ( Fig. 3d and Extended Data Fig. 4k, l) . By testing a panel of cell types, we found that the capacity for succinatestimulated respiration was lim ited to mature primary brown adipocytes, immortalized mouse brown adipocytes, and immortalized human brown adipocytes ( Fig. 3e and Extended Data Fig. 5a-e) . Notably, broad pharmacological inhibition of plasma membrane transport or inhibition of plasma membrane secondary active transport via the Na + /K + ATPase inhibited succinatestimulated respiration (Extended Data Fig. 5f-k) . Succinate stimulated respiration did not require ligation of the Gprotein coupled succinate receptor (SUCNR1; Extended Data Fig. 6a ), elevation of cAMP levels (Extended Data Fig. 6b ), activation of protein kinase A (PKA) signalling (Extended Data Fig. 6c ), or elevated lipolysis (Extended Data Fig. 6d ). Therefore, succinatedependent thermogen esis is independent of SUCNR1 signalling and the lipolytic cascade.
Mitochondrial succinate oxidation can drive elevated reactive oxygen species (ROS) formation 16 , which prompted us to investigate this pathway of intracellular succinate utilization. Increased ROS levels in brown adipocytes can support thermogenesis 17 , but the mechanisms that control thermogenic ROS production are unknown. We found that the thermogenic effects of succinate were recapitulated in isolated BAT mitochondria (Extended Data Fig. 6e-g ), and that the mitochondrial dicarboxylate carrier SLC25A10 is highly expressed in BAT (Extended Data Fig. 6h ). SLC25A10 mediates rapid equilibration of mitochondrial and cytosolic succinate pools, suggesting that mitochondria in brown adipocytes can access extracellular succinate. Indeed, chemical inhi bition of SLC25A10 blunted succinatedriven respiration (Extended Data Fig. 6i, j) .
Furthermore, addition of succinate to brown adipocytes resulted in a rapid and robust increase in ROS levels (Extended Data Fig. 6k-m) , , leak respiration and chemically uncoupled respiration (Max) (c; vehicle, n = 20; 0.25 mM, n = 6; 0.5 mM, n = 7; 1 mM, n = 18; 5 mM, n = 13; 10 mM, n = 12). d, Effect of addition of mitochondrial and cellular substrates on brown adipocyte OCR (1 mM, n = 6; 10 mM, n = 7; 10 mM glycerol 3phosphate (G3P), n = 6; 10 mM α−ketoglutarate, 10 mM fumarate, n = 5). e, Effect of acute addition of succinate on cellular OCR across different cell types.
(1 mM, n = 6; 5 mM, n = 7; 5 mM brown preadipocyte, 5 mM SubQ adipocyte, n = 5). Myo, myocyte; hepato, hepatocyte; osteo, osteocyte. f, Inhibition of succinatestimulated OCR by MitoQ or NAC (MitoQ vehicle, n = 15; 100 nM MitoQ, n = 18; 500 nM MitoQ, n = 17; NAC vehicle, n = 7; 5 mM NAC, n = 6; 10 mM NAC n = 7). g, Potential pathways of succinatedriven thermogenic ROS. h, Effect on succinate stimulated OCR by inhibition of pathways linked to succinate oxidation by SDH (n = 12, except 5 mM malonate, n = 11; Atpenin A5 (AA5) vehicle, n = 11; 10 nM AA5, 100 nM AA5, n = 6). Twosided ttest (b, d, e); oneway ANOVA (c); twoway ANOVA (f, h); data are mean ± s.e.m. of biologically independent samples.
indicating that it is a potent driver of ROS in these cells. Since cysteine residues in proteins are the principal signalling targets of thermogenic ROS 17 , we profiled the oxidation status of catalytic cysteines in the peroxiredoxin (Prx) family. Prx cysteines are major targets of ROS, exhibiting hyperoxidation to sulfonic acid (SO 3 − ) in response to elevated ROS levels. Prx3, the only Prx isoform that is expressed exclusively in the mitochondrial matrix, exhibited increased cysteine thiol hyperoxidation to SO 3 − following succinate treatment, whereas Prx1, Prx2, Prx4 and Prx5 did not (Extended Data Fig. 7a , b and Supplementary Information). Next, we depleted either succinate induced mitochondrial ROS using the mitochondriatargeted antioxidant MitoQ 18 , or inhibited ROSdependent cysteine oxidation using Nacetyl cysteine (NAC). These treatments markedly inhibited succinate dependent respiration ( Fig. 3f and Extended Data Fig. 7c ). By contrast, increasing the cysteine oxidation state with diamide was sufficient to drive respiration in brown adipocytes (Extended Data Fig. 7d, e) .
Succinate could control ROS levels by fuelling superoxide production through a number of electron circuits in the mitochondrial respiratory chain ( Fig. 3g and Extended Data Fig. 7f ). All of these pathways require succinate oxidation by the flavin site on succinate dehydro genase (SDH) (Fig. 3g) . Treatment of brown adipocytes with malonate, a competitive inhibitor of succinate oxidation by the SDH flavin 19 ( Fig. 3g and Extended Data Fig. 7f ), abrogated both succinatedependent ROS production and succinatedependent respiration ( Fig. 3h and Extended Data Fig. 7g-i) . We then systematically manipulated the downstream superoxideproducing sites linked to succinate oxidation (Extended Data Fig. 7f ). Inhibition at the SDH Qsite 20 fully inhibited succinatedependent respiration ( Fig. 3h and Extended Data Fig. 7j ), indicating that electron transfer between SDH and ubiquinone was required. Conversely, inhibitors of ROS production through mitochon drial complex I 21 , mitochondrial complex III 22 , or αglycerophosphate dehydrogenase 23 (αGPDH) did not have as substantial effects on succinatestimulated respiration (Extended Data Fig. 7k-q ), but these sites may be relevant and will be more fully explored in future studies.
Our findings suggest a model for an activation pathway of adipocyte thermogenic respiration: BAT possesses the capacity to utilize high levels of extracellular succinate (Fig. 2) , and can rapidly oxidize succinate via SDH to drive mitochondrial Qpool reduction, ROS production and thermogenesis (Fig. 3) . This model predicts that acute increase of systemic succinate should be sufficient to drive BAT thermogenesis in vivo. We found that intravenous injection of succinate resulted in a rapid increase in interscapular BAT temperature (Extended Data Fig. 8a ) and wholebody oxygen consumption (Extended Data Fig. 8b ). These effects peaked at the time of maximal accumulation of circulating succinate in BAT (Fig. 2h ). Since these experiments were performed in conscious freemoving mice there was a substantial effect of handling stress that, when accounted for, revealed succinatedependent effects 24 (Extended Data Fig. 8b) . Notably, in mice lacking UCP1 (UCP1(KO)) the thermogenic effect of succinate was not observed (Extended Data Fig. 8b ). Conversely, thermogenesis initiated by cold exposure was supressed by coadministration of the SDH inhibitor malonate (Extended Data Fig. 8c ).
The effect of elevating circulating succinate resulting in UCP1 dependent thermogenesis in vivo prompted us to investigate the role of this pathway in modulation of wholebody energy expenditure in dietinduced obesity. Dietary succinate is well tolerated 25 . Moreover, we confirmed that acute oral administration resulted in increased circulating succinate 26 (Extended Data Fig. 8d ). On this basis, ad libitum highfatdietfed mice were provided drinking water supplemented with sodium succinate. The mice showed no aver sion to succinate (Extended Data Fig. 8e, f) , and exhibited a robust concentrationdependent suppression and reversal of weight gain induced by highfat feeding over four weeks ( Fig. 4a and Extended Data Fig. 8g, h ) as a result of decreased fat mass (Fig. 4b) . Several lines of evidence suggest that this effect was at least partly attributable to an increase in energy expenditure. First, succinate administration did not substantially inhibit ad libitum caloric intake (Extended Data Fig. 8i,j) , and controlled pairfeeding recapitulated the metabolic phenotype observed under ad libitum conditions ( Fig. 4b and Extended Data Fig. 8h ). Furthermore, succinate supplementation did not inhibit caloric absorption or energy assimilation (Extended Data Fig. 8k, l) . Most importantly, we applied the energy balance method 27, 28 , which indicated that succinate supplementation drove a robust increase in wholebody energy expenditure over the fourweek period (Fig. 4c) . These systemic effects of dietary succinate resulted in brown, subcuta neous and epidydimal adipose depots exhibiting smaller adipocyte size and reduced lipid accumulation (Extended Data Fig. 9a) . Additionally, livers of mice receiving dietary succinate exhibited reduced lipid 0%, n = 35; 1%, n = 26; 1.5%, n = 18. Right: 0%, n = 24; 2%, n = 22; 0% pair fed, n = 18). b, Body composition of mice following 4 weeks high fat feeding with or without low (0%, n = 35; 1%, n = 26; 1.5%, n = 18) or high succinate (0%, n = 24; 2%, n = 22; 0% pair fed n = 18). c, Mouse wholebody energy expenditure during 4 weeks highfat feeding with or without low (0%, n = 35; 1%, n = 26; 1.5%, n = 18) or high succinate (0%, n = 24; 2%, n = 22; 0% pair fed, n = 18). d, Blood glucose parameters following 4 weeks highfat feeding with or without succinate (n = 9). e, f Change in body mass (e) and body composition (f) during highfat feeding in Ucp1
+/− and Ucp1 −/− mice with or without 1.5% sodium succinate (Ucp1 +/− 0%, n = 18; Ucp1 +/− 1.5%, n = 17; Ucp1 −/− 0%, n = 13; UCP1(KO) 1.5%, n = 15). Twoway ANOVA (a, d (right), e); oneway ANOVA (b, c, d (left)); twosided ttest (f); data are mean ± s.e.m. of biologically independent samples. 
Letter reSeArCH deposition, whereas heart and kidneys were morphologically indis tinguishable from controls (Extended Data Fig. 9b-f ).
Succinate supplementation also lowered fasting circulating glucose levels ( Fig. 4d ) and protected against glucose intolerance induced by highfat feeding (Fig. 4d and Extended Data Fig. 9g ). Moreover, there was no evidence of increased inflammatory or antiinflammatory markers in adipose tissues; and in some cases, such as for interleukin 1β, there was a decrease in expression (Extended Data Fig. 9h , i). These findings are noteworthy, since in certain physiological settings, circulating succinate can engage immune cell recruitment and activa tion 29, 30 . The lack of immunogenic signalling by succinate here could be explained by the function of thermogenic adipose tissue as a sink for succinate (Fig. 2g) , rapidly clearing circulating succinate (Fig. 2h, i ) that would otherwise be predicted to antagonize immunogenic sig nalling 29, 30 . This interpretation is supported by the observation that dietary succinate potentiated inflammatory signalling in adipose depots of UCP1(KO) mice but not those of wildtype mice (Extended Data Fig. 9h ), suggesting that competent thermogenic adipose tissue antagonizes inflammatory signalling by succinate in a dominant fash ion. Finally, to determine whether the robust weight loss and energy expenditure effects of dietary succinate required adipose tissue thermo genesis, we examined the physiological effect of succinate supplemen tation in UCP1(KO) mice, a genetic model lacking thermogenically competent adipose tissue 31 . The inhibitory effects of succinate supple mentation on weight gain ( In conclusion, we have identified a mechanism for activation of BAT thermogenesis through utilization of a systemic pool of the TCA cycle intermediate succinate. Succinate exerts acute control over adipose tissue thermogenesis by triggering mitochondrial ROS production via SDH oxidation, and may be systemically integrated by the capacity of brown adipocytes to metabolize extracellular succinate. Therefore, as well as identifying a molecular pathway for activation of adipocyte ther mogenesis, our results demonstrate that succinate acts as a previously unappreciated systemic redox signal, and exerts profound effects on wholebody metabolism.
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MEthodS
Animal procedures and ethics statement. Animal experiments were performed according to procedures approved by the Institutional Animal Care and Use Committee of the Beth Israel Deaconess Medical Center. Unless otherwise stated, mice used were male C57BL/6J (8-12 weeks of age; Jackson Laboratories), and housed in a temperaturecontrolled (23 °C) room on a 12h light-dark cycle. Both male and female UCP1(KO) (B6.129Ucp1tm1Kz/J) and littermate matched heterozygotes were used. Body temperature and cold exposure. Interscapular body temperature was assessed using implantable electronic ID transponders (Bio Medic Data Systems, Inc.). When studying acute activation of thermogenesis, mice were housed from birth at 23 °C to allow for recruitment of thermogenic adipose tissue 33 . Before individual housing at 4 °C or any experiments involving acute activation of thermo genesis, mice were placed at thermoneutrality (29 °C) for 1 day, which allows both for maintenance of BAT UCP1 protein content 34 and for measurement of induction of BAT thermogenesis by acute intervention. Metabolite analyses by mass spectrometry. Metabolites were profiled using an LC-MS system comprised of a Nexera X2 UHPLC (Shimadzu Scientific Instruments; Marlborough, MA) coupled to a Q Exactive Plus orbitrap mass spectrometer (Thermo Fisher Scientific; Waltham, MA). Tissues were rapidly isolated and homogenized in extraction solution of 80% methanol containing inosine 15 N 4 , thymined 4 and glycocholated 4 internal standards (Cambridge Isotope Laboratories; Andover, MA) at a 4:1 volume to wet weight ratio. The sam ples were centrifuged (10 min, 9,000g, 4 °C) and the supernatants were injected directly onto a 150 × 2.0 mm Luna NH2 column (Phenomenex; Torrance, CA). For analysis of TCA cycle metabolites in BAT, an additional 100× dilution was performed in extraction solution to render succinate abundance within the linear quantification range of the instrument, as described in Extended Data Fig. 1 . The column was eluted at a flow rate of 400 µl/min with initial conditions of 10% mobile phase A (20 mM ammonium acetate and 20 mM ammonium hydroxide in water) and 90% mobile phase B (10 mM ammonium hydroxide in 75:25 v/v acetonitrile/methanol) followed by a 10 min linear gradient to 100% mobile phase A. Mass spectrometry analyses were carried out using electrospray ionization in the negative ion mode using full scan analysis over m/z 70-750 at 70,000 resolution and 3 Hz data acquisition rate. Additional mass spectrometry settings were: ion spray voltage, −3.0 kV; capillary temperature, 350 °C; probe heater temperature, 325 °C; sheath gas, 55; auxiliary gas, 10; and Slens RF level 50. Raw data were processed using Progenesis QI software version 1.0 (NonLinear Dynamics) for feature alignment, nontargeted signal detection, and signal integration. Targeted processing of a subset of known metabolites and isotopologues was conducted using TraceFinder software version 4.1 (Thermo Fisher Scientific). Compound identities were confirmed using reference standards. Succinate was quantified using a tar geted LC-MS method operated on a ACQUITY UPLC (Waters) coupled to a 5500 QTRAP mass spectrometer (SCIEX) as described previously 14, 35 . For succinate analysis of mouse serum for shivering and curare experiments samples were ana lysed using reverse phase ionpairing chromatography coupled to tandem mass spectrometry (Agilent LC-MS). Analytes were eluted in buffer A (97% H2O, 3% MeOH, 10 mM tributylamine, 15 mM glacial acetic acid, pH 5.5) and buffer B (10 mM tributylamine, 15 mM glacial acetic acid in 100% MeOH). Samples were run on a ZORBAX ExtendC18, 2.1 × 150 mm, 1.8 µm (Agilent) with a flow rate of 0.25 ml/min for 2.5 min of buffer A, followed by a linear gradient (100% buffer A to 80% buffer A) for 5 min, followed by a linear gradient (80% buffer A to 55% buffer A) for 5.5 min, followed by a linear gradient (55% buffer A to 1% buffer A) for 7 min, followed by 4 min with (1% buffer A). Samples were ionized using Agilent Jet Spray ionization; nebulizer 45 psi, capillary −2000 V, nozzle voltage: 500 V, sheath gas temperature 325 °C, and sheath gas flow 12 l/min. An Agilent 6470 Triple Quadrupole mass spectrometer was used for mass detection with a targeted method. Peaks were integrated in Mass Hunter (Agilent). C]succinate (100 mg/kg) (all from Cambridge Isotope Laboratories) were administered by tail vein injection and mice were individually housed at 4 °C or 29 °C for the indicated times before tissue harvest. [U 13 C]palmitate was conjugated to 1% BSA before injection. All injections were performed as a bolus over 20 s. For in vitro studies [U 13 C]succinate was added to BAT cells for the indicated times at a final concentration of 5 mM. Cells were washed and lysed directly in metabolite extraction buffer, snap frozen in liquid nitrogen and stored at −80 °C until MS analysis was performed. Primary brown adipocyte preparation and differentiation. Interscapular brown adipose stromal vascular fraction was obtained from 2to6dayold pups as described previously 36 . Interscapular brown adipose tissue was dissected, washed in PBS, minced, and digested for 45 min at 37 °C in PBS containing 1.5 mg ml −1 collagenase B, 123 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 5 mM glucose, 100 mM HEPES, and 4% essentially fattyacidfree BSA. Tissue suspension was filtered through a 40µm cell strainer and centrifuged at 600g for 5 min to pellet the SVF.
The cell pellet was resuspended in adipocyte culture medium and plated. Cells were maintained at 37 °C in 10% CO 2 . Primary brown preadipocytes were counted and plated in the evening, 12 h before differentiation at 15,000 cells per well of a Seahorse plate. Preadipocyte plating was scaled according to surface area. The following morning, brown preadipocytes were induced to differentiate for 2 days with an adipogenic cocktail (1 µM rosiglitazone, 0.5 mM IBMX, 5 µM dexameth asone, 0.114 µg ml −1 insulin, 1 nM T3, and 125 µM indomethacin) in adipocyte culture medium. Two days after induction, cells were refed every 48 h with adi pocyte culture medium containing 1 µM rosiglitazone, 1 nM T3, and 0.5 µg ml −1 insulin. Cells were fully differentiated by day 7 after induction. Primary white adipocyte preparation and differentiation. Inguinal white adipose stromal vascular fraction was obtained from 2to6dayold pups as described previously 37 . Adipose tissue was dissected, washed in PBS, minced, and digested for 45 min at 37 °C in HBSS containing collagenase D (10 mg/ml), dispase II (3 U/ml) and CaCl 2 (10 mM). Tissue suspension was filtered through a 40µm cell strainer and centrifuged at 600g for 5 min to pellet the SVF. The cell pellet was resuspended in adipocyte culture medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) and plated. Cells were main tained at 37 °C in 10% CO 2 . Primary white preadipocytes were counted and plated in the evening, 12 h before differentiation at 15,000 cells per well of a seahorse plate. Preadipocyte plating was scaled according to surface area. The following morning, white preadipocytes were induced to differentiate for 2 days with an adipogenic cocktail (rosiglitazone (1 µM), IBMX (0.5 mM), dexamethasone (1 µM), insulin (5 µg/ml)) in adipocyte culture medium. Two days after induction, cells were refed every 48 h with adipocyte culture medium containing rosiglitazone (1 µM) and insulin (5 µg/ml). Cells were fully differentiated by day 6 after induction. Immortalized human brown pre-adipocyte line differentiation. Immortalized human brown preadipocytes 38 were cultured with animal componentfree medium (Stem Cell Technologies; #05449). Brown adipocyte differentiation was induced by treating confluent preadipocytes with animal componentfree adipogenic differen tiation medium (Stem Cell Technologies; #05412) supplemented with T3 (1 nM) and rosiglitazone (0.5 µM). Cells were fully differentiated 2 weeks after induction. Maintenance of cell lines. All cell lines were grown in DMEM supplemented with 10% FBS and 1% P/S. Cells were detached using 0.05% trypsin and subcultured every other day. Cellular respirometry of primary adipocytes. Cellular OCR of primary brown or white adipocytes was determined using a Seahorse XF24 Extracellular Flux Analyzer. Adipocytes were plated and differentiated in XF24 V7 cell culture microplates. Prior to analysis adipocyte culture medium was changed to respiration medium consisting of DMEM lacking NaHCO 3 (Sigma), NaCl (1.85 g/l), phenol red (3 mg/l), 2% fattyacidfree BSA, and sodium pyruvate (1 mM), pH 7.4. In all cases, basal respiration was determined to be the OCR in the presence of substrate (1 mM sodium pyruvate) alone. Respiration uncoupled from ATP synthesis was determined following addition of oligomycin (4.16 µM). Maximal respiration was determined following addition of DNP (2 mM). Rotenone (3 µM) and antimycin (3 µM) were used to abolish mitochondrial respiration. Leak respiration was calculated as OCR following rotenone/antimycin treatment subtracted from OCR following oligomycin treatment. Cellular respirometry of cell lines. Cellular OCR of cells lines was determined using a Seahorse XF24 Extracellular Flux Analyzer as described above with a few minor changes. All cell lines, except DE cells and immortalized human brown adipocytes, were plated at a density of 50,000 cells/well and a final concentration of 0.2% fattyacidfree BSA was used. De2.3 cells and immortalized human brown adipocytes were plated at 5,000 cells/well and 30,000 cells/well, respectively, and a final concentration of 2% fattyacidfree BSA was used. Respiration uncoupled from ATP synthesis was determined following addition of oligomycin (1.25 µM). Rotenone (3 µM) and antimycin (3 µM) were used to abolish mitochondrial respiration. Imaging of brown adipocytes. ROS production was estimated by oxidation of DHE and ratiometric assessment. Cells were grown on 35mm glass bottom No. 1.5 coverslips (MatTek). Ten minutes before imaging, cells were loaded with dihydro ethidium (DHE, 5 µM, Sigma) in imaging buffer (NaCl, 156 mM; KCl, 3 mM; MgCl 2 2 mM; KH 2 PO 4 , 1.25 mM; HEPES, 10 mM; sodium pyruvate, 1 mM). Cell culture dishes were mounted in a Tokai Hit INU microscope stage top incubator (37 °C and 5% CO 2 ). Oxidised DHE was excited at 500 nm and the emitted signal was acquired at 632 nm. Reduced DHE was excited at 380 nm and the emitted signal was acquired at 460 nm. A timelapse was performed in which cells were imaged every 20 s using an exposure time of 30 ms, 4 × 4 camera binning and the ND4 filter in. Four images were acquired before acute treatment with compounds of interest and imaged for 10 min. All images were collected with an Inverted Nikon Ti fluorescence microscope equipped with 10× SF objective lens using MetaMorph 7.2 acquisition software and the Perfect Focus System for maintenance of focus over time. All measured cell parameters were analysed with Fiji image processing software. In brief, 5 cells were selected from each image acquired with Letter reSeArCH 10× objective, background removal was performed and a ratio of oxidized DHE over reduced DHE was calculated. For high resolution images a 40× SF objective lens with a layer of mineral oil on top of the media was used and cells were imaged at one timepoint, 10 min posttreatment. Images were processed using the Fiji ratio plus plugin with background correction for each channels and multiplication factors set to 1. The fluorescence images are displayed using the same setting and were pseudocolored using the fire LUT. The transmitted light images are displayed using the autoscale LUT grey scale. Assessment of protein thiol sulfonic acids. Samples were homogenized in 50 mM Tris base, containing 100 mM NaCl, 100 µM DTPA, 0.1% SDS, 0.5% sodium deox ycholate, 0.5% TritonX 100, 10 mM TCEP and 50 mM iodoacetamide. Following incubation for 15 min, SDS was added to a final concentration of 1% and samples were incubated for a further 15 min. Protein digestion. Protein pellets were dried and resuspended in 8 M urea con taining 50 mM HEPES (pH 8.5). Protein concentrations were measured by BCA assay (Thermo Scientific) before protease digestion. Protein lysates were diluted to 4 M urea and digested with LysC (Wako, Japan) in a 1/100 enzyme/protein ratio overnight. Protein extracts were diluted further to a 1.0 M urea concentration, and trypsin (Promega) was added to a final 1/200 enzyme/protein ratio for 6 h at 37 °C. Digests were acidified with 20 µl of 20% formic acid (FA) to a pH ∼2, and subjected to C18 solidphase extraction (50 mg SepPak, Waters). LC-MS/MS parameters for targeted Prx cysteine peptide analysis. All spectra were acquired using an Orbitrap Fusion mass spectrometer (Thermo Fisher) in line with an EasynLC 1000 (Thermo Fisher Scientific) ultrahigh pressure liquid chromatography pump. Peptides were separated onto a 100µM inner diameter column containing 1 cm of Magic C4 resin (5 µm, 100 Å, MichromBioresources) followed by 30 cm of SepaxTechnologies GPC18 resin (1.8 µm, 120 Å) with a gradient consisting of 9-30% (ACN, 0.125% FA) over 180 min at ∼250 nl min
For all LC-MS/MS experiments, the mass spectrometer was operated in the data dependent mode. We collected MS1 spectra at a resolution of 120,000, with an AGC target of 150,000 and a maximum injection time of 100 ms. The ten most intense ions were selected for MS2 (excluding 1 Zions). MS1 precursor ions were excluded using a dynamic window (75 s ± 10 ppm). The MS2 precursors were isolated with a quadrupole mass filter set to a width of 0.5 Th. For the MS3 based TMT quantitation, MS2 spectra were collected at an AGC of 4,000, maximum injection time of 200 ms, and CID collision energy of 35%. MS3 spectra were acquired with the same Orbitrap parameters as the MS2 method except HCD collision energy was increased to 55%. Synchronous precursorselection was enabled to include up to six MS2 fragment ions for the MS3 spectrum. Data processing and MS2 spectra assignment. A compilation of inhouse software was used to convert .raw files to mzXML format, as well as to adjust monoisotopic m/z measurements and erroneous peptide charge state assignments. Assignment of MS2 spectra was performed using the SEQUEST algorithm 39 . All experiments used the Mouse UniProt database (downloaded 10 April 2014) where reversed pro tein sequences and known contaminants such as human keratins were appended. SEQUEST searches were performed using a 20 ppm precursor ion tolerance, while requiring each peptide's amino/carboxy (N/C) terminus to have trypsin protease specificity and allowing up to two missed cleavages. For targeted assessment of Prx cysteine thiol sulfonic acids, TMT tags on lysine residues and peptide N termini (+229.16293 Da), iodoacetamide on cysteine residues (+57.0214637 Da) were set as static modifications and oxidation of methionine residues (+15.99492 Da) and sulfonic acid formation on cysteine residues (+9.036719 Da versus iodoacetamide) as variable modifications. Determination of sulfonic acid formation of the Prx peptides was determined by comparing TMT reporter ion abundance of sulfonic acid containing peptides normalized to the unmodified (iodoacetamide labelled) forms. An MS2 spectra assignment false discovery rate of less than 1% was achieved by applying the targetdecoy database search strategy 40 . Protein filtering was performed using an inhouse linear discrimination analysis algorithm to create one combined filter parameter from the following peptide ion and MS2 spectra metrics: XCorr, ∆Cn score, peptide ion mass accuracy, peptide length and missedcleavages 41 . Linear discrimination scores were used to assign probabilities to each MS2 spectrum for being assigned correctly, and these probabilities were further used to filter the dataset to a 1% proteinlevel false discovery rate. Western Blotting. Samples were isolated in 50 mM Tris, pH 7.4, 500 mM NaCl, 1% NP40, 20% glycerol, 5 mM EDTA and 1 mM phenylmethylsulphonyl fluoride, supplemented with a cocktail of protease inhibitors (Roche). Homogenates were centrifuged at 16,000g for 10 min at 4 °C, and the supernatants were used for sub sequent analyses. Protein concentration was determined using the bicinchoninic acid assay (Pierce). Protein lysates were denatured in Laemmli buffer (60 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol blue, 100 mM DTT), resolved by 4-12% NuPAGE BisTris SDS-PAGE (Invitrogen) and transferred to a poly vinylidene difluoride (PVDF) membrane. Primary antibodies (pPKA sub strate (CST 9624 s); Tubulin (Abcam AB44928)) were diluted in TBS containing 0.05% Tween (TBST), 5% BSA and 0.02% NaN 3
41
. Membranes were incubated overnight with primary antibodies at 4 °C. For secondary antibody incubation, antirabbit HRP (Promega) was diluted in TBST containing 5% milk. Results were visualized with enhanced chemiluminescence (ECL) western blotting sub strates (Pierce). Glycerol release. Adipocytes were incubated in respiration medium and treated as indicated before collection of medium and quantification of glycerol using free glycerol reagent (SigmaAldrich) relative to glycerol standard. Metabolic phenotyping. Wholebody energy metabolism was evaluated using a Comprehensive Laboratory Animal Monitoring System (CLAMS, Columbia Instruments). Mice were acclimated in the metabolic chambers and acclimated with mock injection procedures to minimize contribution of stress to the meta bolic phenotype. O 2 levels were collected every 60 s. Basal O 2 consumption rate was determined to be the mean of the lowest three readings determined before intervention. Maximum O 2 consumption rate was determined as the mean of three highest rates recorded postintervention. Determination of free-living whole-body total energy expenditure. Wholebody energy expenditure in mice was determined using the energy balance method, otherwise known as the law of energy conservation, which accounts for caloric intake, change in body weight, and change in lean and fat mass throughout dietary intervention, as described previously 27, 28, 42 . Briefly, individual mouse body weight and body composition were determined before dietary intervention with or without sodium succinate. Throughout the fourweek intervention period, mouse caloric intake was measured, as well as changes in body weight and body compo sition (fat mass and fatfree mass). Caloric intake was determined on the basis of the energy density of the diet (5.24 kcal/g). Energy density of accumulated fat mass in mice was 9.4 kcal/g and fatfree mass was 1.8 kcal/g 42 . On the basis of bomb calorimetry of faeces during the experiment, which found no differences in caloric absorption between interventions, we confirmed that the calculated metabolizable energy intake based on caloric intake measurements adequately accounted for any differences due to digestion. High-fat feeding. All mouse highfat feeding experiments were performed with agematched littermate controls. At eight weeks of age, mice were switched to highfat diet (OpenSource Diets, D12492) with 60% calories from fat, 20% cal ories from carbohydrate and 20% calories from protein. Following initiation of highfat feeding, succinate in drinking water was added in the form of sodium succinate. Succinatecontaining drinking water was freshly prepared and replaced every two days. Body composition analysis. Body composition was examined with Echo MRI (Echo Medical Systems, Houston, Texas) using the 3in1 Echo MRI Composition Analyzer. GTT. Mice were fasted for 6 h. Glucose (1 g/kg) was administered intrateritoneally, and blood glucose levels were measured at 0, 15, 30, 45, 60, 75, 90 and 120 min using a glucometer. Bomb calorimetry of faeces. Calorimetry was conducted using a Parr 6725EA Semimicro Calorimeter and 1107 Oxygen Bomb. During dietary intervention, faecal specimens from mice were collected over a 48h period. Collected sam ples were baked at 60 °C for 48 h to remove water content. Faecal samples were combusted and the energy content of the faecal matter was measured as heat of combustion (kcal/g). Assessment of respiration in isolated mitochondria. BAT mitochondria were isolated as described previously 37 . Using freshly isolated mitochondria, basal respiration was measured in the presence of 10 mM pyruvate and 10 mM malate in the presence of 3 mM GDP in 50 mM KCl, 10 mM TES, 1mM EGTA medium containing 0.4% (w/v) fatty acidfree bovine serum albumin, 1 mM KH 2 PO 4 , 2 mM MgCl 2 and 0.46 mM CaCl 2 . OCR was monitored in a Seahorse XF24 instru ment at 2.5 µg mitochondrial protein per well. Succinate was added acutely at 5 mM following determination of basal respiration, leak was determined using 1 µg ml −1 oligomycin. 0.1 mM DNP was applied to determine chemically uncoupled respiration. Histological analysis. Tissues were extracted and placed in tissue clamps in 10% neutral buffer formalin (NBF) overnight. The following day, samples were rinsed twice in PBS and stored in 70% ethanol. Tissue fragments were embedded in paraffin, sectioned and mounted on glass slides. For histological and morpho metric studies, the sections were stained with haematoxylin and eosin or Masson's trichrome. Digital images were collected with a Nikon Ti2 motorized inverted microscope equipped with a 4× or 40× objective lens. Images were acquired with a Nikon DSFi1 colour camera controlled with NISElements image acquisition software. The quantitative analysis of cardiomyocyte crosssectional height and width and nuclear diameter were measured using Fiji image processing software. Gene expression analysis. Total RNA was extracted from frozen tissue using TRIzol (Invitrogen), purified with a PureLink RNA Mini Kit (Invitrogen) and quantified using a Nanodrop 2000 UV-visible spectrophotometer. cDNA was prepared using 1 µg total RNA by a reverse transcription-polymerase chain reaction (RT-PCR) using a high capacity cDNA reverse transcription kit (Applied Biosystems), according to the manufacturer's instructions. Realtime quantitative PCR (qPCR) was performed on cDNA using SYBR Green probes. qPCR was per formed on a 7900 HT Fast RealTime PCR System (Applied Biosystems) using GoTaq qPCR Master Mix (Promega). Reactions were performed in a 384well for mat using an ABI PRISM 7900HT real time PCR system (Applied Biosystems). For SYBR primer pair sequences see Supplementary Methods. Fold changes in expres sion were calculated by the ΔΔC t method using mouse cyclophilin A as an endog enous control for mRNA expression. All fold changes are expressed normalized to the vehicle control. SYBR primer pair sequences were as follows. Il1b: forward, 5′TGGCAACTGTTCCTG3′; reverse, 5′GGAAGCAGCCCTTCATCTTT3′; Il10: forward, 5′AGGCGCTGTCATCGATTT3′; reverse, 5′CACCTTG GTCTTGGAGCTTAT3′; Tnfa: forward, 5′GCCTCTTCTCATTCC TGCTT3′; reverse, 5′TGGGAACTTCTCATCCCTTTG3′; Arg1: forward, 5′GATTATCGGAGCGCCTTTCT3′; reverse, 5′TGGTCTCTCACGTCA TACTCT3′; Nos2: forward, 5′CCAAGCCCTCACCTACTTCC3′; reverse, 5′ CTCTGAGGGCTGACACAAGG3′; Il6: forward, 5′ACAAAGCCAGAGTCC TTCAGAGAG3′; reverse, 5′TTGGATGGTCTTGGTCCTTAGCCA3′; Mrc1: forward, 5′GGCGAGCATCAAGAGTAAAGA3′; reverse, 5′CATAGGTC AGTCCCAACCAAA3′; cyclophilin (Ppia): forward, 5′GGAGATGG CACAGGAGGAA3′; reverse, 5′ GCCCGTAGTGCTTCAGCTT3′. Statistical analyses. Data were expressed as mean ± s.e.m. and P values were calculated using twotailed Student's ttest for pairwise comparison of variables, oneway ANOVA for multiple comparison of variables, and twoway ANOVA for multiple comparisons involving two independent variables. Sample sizes were determined on the basis of previous experiments using similar methodologies. For all experiments, all stated replicates are biological replicates. For in vivo studies, mice were randomly assigned to treatment groups. For mass spectrometry analyses, samples were processed in random order and experimenters were blinded to exper imental conditions. n = 5). k, Effect of acute addition of cellular and mitochondrial respiratory substrates on brown adipocyte respiration. Pyruvate: vehicle, n = 7; 1 mM, n = 6; 10 mM, n = 7; glucose: vehicle, n = 7; 1 mM, n = 6; 10 mM, n = 7; glutamine: vehicle, n = 6; 1 mM, n = 6; 10 mM, n = 7; G3P: vehicle, n = 7; 1 mM, n = 6; 10 mM, n = 6; αKG: vehicle, n = 6; 1 mM, n = 6; 10 mM, n = 5; fumarate: vehicle, n = 6; 1 mM, n = 6; 10 mM, n = 5; malate: vehicle, n = 6; 1 mM, n = 6; 10 mM, n = 7. l, Effect of acute addition of palmitic acid on brown adipocyte respiration (vehicle, n = 18; palmitic acid, n = 16). Effects on respiration were determined by acute addition of oligomycin (oli) to determine leak respiration, 2,4dinitrophenol (DNP) to determine chemically uncoupled maximal respiration, and rotenone plus antimycin (r/a) to determine nonmitochondrial respiration. In all cases basal respiration in these cells is measured in the presence of 1 mM pyruvate. Oneway ANOVA (a, j) ; data are mean ± s.e.m. of biologically independent samples.
Reporting summary. Further information on experimental design is available in
Letter reSeArCH immortalized brown adipocyte cell line 32 (vehicle, n = 7; succinate, n = 6; NE, n = 7). b, Representative OCR trace monitoring dosedependent effect of acute addition of succinate in the De2.3 immortalized brown adipocyte cell line (vehicle, n = 7; 1 mM succinate, n = 6; 5 mM succinate, n = 7). c, Representative OCR trace monitoring dosedependent effect of acute addition of succinate in various cell types (subcutaneous white adipocytes: vehicle, n = 6; 1 mM, n = 6; 5 mM, n = 5; myoblasts: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7; HEK: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7; hepatocytes: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7; osteocytes: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7; A549 lung: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7; brown preadipocytes: vehicle, n = 7; 1 mM, n = 6; 5 mM, n = 7). d, Effect of acute addition of succinate on cellular OCR in human brown adipocytes (basal, n = 6; 1 mM, n = 6; 5 mM, n = 7). e, Representative OCR trace monitoring dosedependent effect of acute addition of succinate in human immortalized brown adipocytes (vehicle, n = 7; 1 mM succinate, n = 6; 5 mM succinate, n = 7). f, Inhibition of succinatestimulated OCR in brown adipocytes by DTNB. g, Representative OCR experiment (n = 7; 0.1 mM DTNB, n = 6). h, i, Inhibition of succinatestimulated OCR in brown adipocytes by DIDS. n = 12, except 1 mM DIDS, n = 8). j, k, Inhibition of succinatestimulated OCR in brown adipocytes by treatment with the Na + /K + ATPase inhibitor ouabain (n = 5). Effects on respiration were determined by acute addition of oligomycin (oli) to determine leak respiration, 2,4dinitrophenol (DNP) to determine chemically uncoupled maximal respiration, or rotenone plus antimycin (r/a) to determine nonmitochondrial respiration. In all cases basal respiration in these cells is measured in the presence of 1 mM pyruvate. Twosided ttest (d); twoway ANOVA (f, h, j); data are mean ± s.e.m. of biologically independent samples.
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Extended Data Fig. 6 | Examining mechanisms of succinate-driven thermogenesis in brown adipocytes. a, Succinateinduced respiration is intact in brown adipocytes lacking SUCNR1 (n = 10, except 1 mM succinate, n = 9). b, Measurement of cAMP in brown adipocytes 10 min following addition of succinate. c, Immunoblot analysis of PKA substrate phosphorylation following addition of succinate (30 min) or NE (5 min). d, Glycerol release rate from brown adipocytes as an index of lipolysis in response to succinate or NE (n = 6). e-g, Effect of acute addition of succinate in mitochondria isolated from BAT, monitoring effects on basal respiration rate (f), leak respiration (g), and chemically uncoupled maximal respiration (g). n = 7, except succinate, n = 8). h, Quantitation of SLC25A10 protein levels in mouse liver, brain, heart, and BAT (n = 3). i, j, Inhibition of succinatestimulated OCR in brown adipocytes by treatment with the SLC25A10 inhibitor diethyl butylmalonate (DEBM; n = 11). Data are mean ± s.e.m. of at least three replicates. k, Effect of succinate treatment on ROS levels in brown adipocyte assessed by DHE oxidation (n = 15). l, Acute addition of succinate drives rapid DHE oxidation in brown adipocytes (n = 15). m, Representative high resolution microscopy images illustrating effect of acute (10 min Effects on respiration were determined by acute addition of oligomycin (oli) to determine leak respiration, DNP to determine chemically uncoupled maximal respiration, and rotenone plus antimycin (r/a) to determine nonmitochondrial respiration (MitoQ: vehicle, n = 6; 100 nM, n = 6; 500 nM, n = 5; NAC: vehicle, n = 7; 5 mM, n = 6; 10 mM, n = 7). d, e, Representative OCR experiments on brown adipocytes with and without acute addition of diamide. Vehicle, n = 6; 200 µM diamide, n = 5. f, Potential pathways for succinatedriven thermogenic ROS in brown adipocytes via SDH or electron transfer via ubiquinol (QH 2 ): (1) Malonate inhibits succinate oxidation by SDH 19 ; (2) atpenin A5 (AA5) inhibits electron transfer between SDH and the ubiquinone pool 20 ; (3) S1Q2.2 inhibits ROS production from mitochondrial complex I 21 ; (4) iGP1 inhibits electron transfer between αGPDH and the ubiquinone pool 23 ;
and (5) S3Q3 inhibits ROS production from mitochondrial complex III 22 . g, Representative OCR experiment demonstrating inhibition of succinate stimulated OCR by suppression of SDH oxidation with malonate (vehicle, n = 6; 1 mM malonate, n = 6; 5 mM malonate, n = 5). h, i, Treatment of brown adipocytes with malonate results in rapid intracellular accumulation (n = 4) (h) and prevents succinatedriven DHE oxidation (i) in brown adipocytes (n = 30). j-l, Representative OCR experiments in brown adipocytes with or without acute addition of succinate, with or without AA5 (j; vehicle, n = 6; 10 nM, n = 6; 100 nM, n = 5); S1Q2.2 (k, l; vehicle, n = 6; 10 µM, n = 6; 100 µM, n = 7); S3Q3 (m, n; vehicle, n = 13; 1 µM n = 12; 10 µM n = 13). o, Treatment of brown adipocytes with S3Q3 has no effect on succinatedriven DHE oxidation in brown adipocytes (n = 30, except 1 µM, n = 15). p, Succinate stimulation of brown adipocyte OCR with or without iGP(iGP vehicle, n = 21; 10 µM iGP, n = 17; 100 µM iGP, n = 26). q, Representative OCR experiments in brown adipocytes with or without acute addition of succinate and/or iGP1 (vehicle, n = 7; 1 µM, n = 6; 100 µM, n = 7). Twosided ttest (a, e, i); one way ANOVA (h, o); twoway ANOVA (k, m, p); data are mean ± s.e.m. of biologically independent samples. Letter reSeArCH Extended Data Fig. 8 | Metabolic characterization of mice following systemic succinate administration. a, Effect of acute intravenous administration of succinate on interscapular temperature (vehicle, n = 6; succinate, n = 5). b, Acute effect of intravenous succinate on whole body oxygen consumption in wildtype (WT) and UCP1(KO) mice. Basal O 2 consumption rate determined as described in the Methods (vehicle, n = 10; succinate, n = 7; UCP1(KO), n = 9). c, Mouse interscapular temperature following acute exposure to 4 °C with or without acute intravenous administration of malonate (n = 8). Malonate was administered 10 min before transition to 4 °C. d, Acute oral administration of succinate by gavage drives elevation of circulating succinate (n = 4, except 10% 30 min, n = 6). e, Water consumption during highfat feeding with or without intervention with 1% and 1.5% sodium succinate in drinking water indicates lack of aversion to succinatecontaining water (vehicle, n = 35; 1%, n = 26; 1.5%, n = 18). f, Water consumption during highfat feeding with or without intervention with 2% succinate in drinking water indicates lack of aversion to succinatecontaining water (vehicle, n = 24; 2%, n = 22). g, Body weights of highfat diet feeding mice before intervention with 1% and 1.5% sodium succinate in drinking water (vehicle, n = 35; 1%, n = 26; 1.5%, n = 18). h, Body weights of highfat diet feeding mice before intervention with 2% sodium succinate in drinking water (vehicle, n = 24; 2%, n = 22; pair fed, n = 18). i, Caloric consumption during highfat feeding with or without intervention with 1% or 1.5% sodium succinate in drinking water (vehicle, n = 35; 1%, n = 26; 1.5%, n = 18). j, Caloric consumption during highfat feeding with or without 2% sodium succinate in drinking water, pairfed mice in this experiment were fed the same number of calories as the 2% succinate group (vehicle, n = 24; 2%, n = 22; pair fed, n = 18). k, l, Caloric absorption and energy assimilation during highfat feeding with or without 1.5% (k) or 2% (l) sodium succinate in drinking water. Proportion of energy assimilated from diet was determined by subtracting the total calories remaining in mouse faeces from the total calories consumed in the same period (n = 6). *P < 0.05, **P < 0.01; twoway ANOVA (a, b (left), c); oneway ANOVA (b (middle, right), d); twosided ttest (k); data are mean ± s.e.m. of biologically independent samples. Extended Data Fig. 10 | Metabolic characterization of UCP1-deficient mice following systemic succinate administration. a, Change in body mass in Ucp1 +/− (n = 9; 1.5% n = 9) and Ucp1 −/− (UCP1KO, n = 7; 1.5% n = 8) male mice during highfat feeding with or without 1.5% sodium succinate in drinking water. b, Change in body mass in Ucp1 +/− (0%, n = 9; 1.5%, n = 8) and Ucp1 −/− (0%, n = 6; 1.5% n = 7) female mice during highfat feeding with or without 1.5% sodium succinate in drinking water. c, Body weights of highfat diet feeding Ucp1 +/− (vehicle, n = 18; 1.5%, n = 17) and Ucp1 −/− (vehicle, n = 13; 1.5%, n = 15) mice prior to intervention with 1.5% sodium succinate in drinking water. d, Water consumption during highfat feeding with or without intervention with 1.5% sodium succinate in drinking water in Ucp1 +/− (0%, n = 18; 1.5%, n = 17) and Ucp1 −/− (0%, n = 13; 1.5%, n = 15) mice indicates lack of aversion to succinatecontaining water. e, Energy consumption during highfat feeding with or without intervention with 1.5% sodium succinate in drinking water in Ucp1 +/− (0%, n = 18; 1.5%, n = 17) and Ucp1 −/− (0%, n = 13; 1.5%, n = 15) mice. f, Energy expenditure of Ucp1 +/− and Ucp1 −/− mice during 6 weeks highfat feeding with or without 1.5% sodium succinate (Ucp1 +/− 0%, n = 18; Ucp1 +/− 1.5%, n = 17; Ucp1 −/− 0%, n = 13; Ucp1 −/− 1.5%, n = 15). Twoway ANOVA (a, b); oneway ANOVA (f); data are mean ± s.e.m. of biologically independent samples.
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Peptide mass spectra were processed with an house SEQUEST-based software pipeline (Huttlin, E.L., et all. Cell. 143, 1174-1189 (2010). Details available upon reasonable request For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
nature research | reporting summary All studies must disclose on these points even when the disclosure is negative.
Sample size
Sample sizes were determined on the basis of previous experiments using similar methodologies and are sufficient to account for any biological/technical variability.
Data exclusions N/A Replication
All experimental findings were reproduced as biological replicates at the value stated in figure legends, unless otherwise indicated. All additional replication attempts were successful.
Randomization For in vivo studies, mice were randomly assigned to treatment groups. For MS analyses, samples were processed in random order and experimenters were blinded to experimental conditions.
Blinding
For MS analyses, samples were processed in random order and experimenters were blinded to experimental conditions.
Reporting for specific materials, systems and methods 
Validation
CST statement: "To ensure product performance, we validate all of our antibodies, in-house, in multiple research applications."
